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We recently reported that the type 1-fimbriated Escherichia coli strains CSH-50 and HB101(pPKIA), both
K-12 derivatives, have different patterns of adhesion to yeast mannan, human plasma fibronectin, and
fibronectin derivatives, suggesting functional heterogeneity of type 1 fimbriae. In this report, we provide
evidence that this functional heterogeneity is due to variations in the fimH genes. We also investigated
functional heterogeneity among clinical isolates and whether variation infimH genes accounts for differences
in receptor specificity. Twelve isolates obtained from human urine were tested for their ability to adhere to
mannan, fibronectin, periodate-treated fibronectin, and a synthetic peptide copying the 30 amino-terminal
residues of fibronectin. CSH-50 and HB101(pPKLA) were tested for comparison. Selected isolates were also
tested for adhesion to purified fragments spanning the entire fibronectin molecule. Three distinct functional
classes, designated M, MF, and MFP, were observed. The fimH genes were amplified by PCR from
chromosomal DNA obtained from representative Strains and expressed in a Afim strain (AAEC191A)
transformed with a recombinant plasmid containing the entire fim gene cluster but with a translational
stop-linker inserted into the fimH gene (pPKL114). Cloned fimH genes conferred on AAEC191A(pPKL114)
receptor specificities mimicking those of the parent strains from which the fimH genes were obtained,
demonstrating that the FimH subunits are responsible for the functional heterogeneity. RepresentativefimH
genes were sequenced, and the deduced amino acid sequences were compared with the previously published
FimH sequence. Allelic variants exhibiting >98% homology and encoding proteins differing by as little as a
single amino acid substitution confer distinct adhesive phenotypes. This unexpected adhesive diversity within
the FimH family broadens the scope of potential receptors for enterobacterial adhesion and may lead to a

fundamental change in our understanding of the role(s) that type 1 fimbriae may play in enterobacterial
ecology or pathogenesis.

Adhesion of bacteria to host surfaces is commonly regarded
as an essential step enabling bacteria to become established as
members of the host's normal flora or to cause an infection (7,
18). Bacterial lectins are the most common and most thor-
oughly studied type of adhesin among both gram-negative and
gram-positive bacteria (42). Evolutionary pressures have se-
lected lectins for adhesive functions, probably because of the
abundance of glycoconjugates on animate and inanimate sur-
faces. One class of structures that Escherichia coli and other
members of the family Enterobacteriaceae have evolved to
adhere to host glycoproteins in a saccharide-dependent man-

ner are surface fibrils called fimbriae (14), or pili (10).
The most common of the enterobacterial fimbriae, type 1, or

mannose-specific (MS), fimbriae (11, 13, 14, 23), are hetero-
polymers of four different subunits (28, 44). Approximately
1,000 copies of the 17-kDa primary structural subunit, FimA
(or PilA), are polymerized into a right-handed helical fibril
also containing minor amounts of the FimF, FimG, and FimH
subunits (20, 24, 27, 32). The 28-kDa FimH subunit has been
shown by direct and indirect tests to be the fimbrial lectin (1-3,
20, 21, 27, 29, 32, 36, 55). The FimA subunit is variable, but
FimH is highly conserved antigenically and genetically among
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enterobacteria (4). Interactions between type 1 fimbriae and
D-mannose-containing receptors have been shown in a number
of studies to play a key role in the infectious process, but this
topic remains somewhat controversial (1, 3, 8, 19, 25, 26, 31, 33,
44, 50).

Detailed analysis of adhesion or agglutination inhibition by
various mannosides and manno-oligosaccharides has suggested
that the combining site of the type 1 adhesin is in the form of
an extended pocket fitting best the trisaccharide Ot-D-Manlp-(1-
3)-13-D-Manp-(1-4)-D-GlcNAc and with a hydrophobic region
within or close to the combining site (16). A similar pattern of
specificity was found in independent inhibition studies (37) as
well as in direct adhesion studies using "neoglycolipids" as
receptors (47). The combining site of the Klebsiella pneu-
moniae type 1 adhesin is similar, while that of the Salmonella
typhimurium type 1 adhesin appears to be smaller and devoid
of a hydrophobic region (16). Thus, it has long been thought
that type 1 fimbriae of enterobacteria were functionally quite
similar and that the primary essential characteristic of any
potential receptor was the presence of terminal ot-3-linked
mannosyl residues.

Recently we reported that the type 1-fimbriated, K-12-
derived E. coli CSH-50 exhibits mannose-sensitive peptide-
binding activity (51). E. coli CSH-50 bound to yeast mannan

(Mn), a highly mannosylated glycoprotein, and to human
plasma fibronectin (Fn) when immobilized on assay wells.
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Adhesion to Mn but not to Fn was essentially eliminated by
periodate treatment. Furthermore, E. coli CSH-50 adhered in
an MS fashion to nonglycosylated peptide fragments of Fn and
to a synthetic peptide copying the first 30 residues of the Fn
molecule, FnSpl. A well-characterized recombinant strain
expressing type 1 fimbriae of E. coli PC31, HB101(pPKL4),
adhered to Mn but did not adhere to Fn or to FnSpl,
suggesting that E. coli type 1 fimbriae are functionally hetero-
geneous.

Several clinical isolates (CIs) of E. coli obtained from human
urine also expressed peptide-binding activity similar to CSH-
50, indicating that this new phenotype was not restricted to a
laboratory strain. Other CIs expressed an adhesive activity
similar to that of HB101(pPKL4). A third class of type 1
fimbria-mediated adhesive phenotype was also observed
among the CIs. Because the FimH fimbrial subunit is known to
be the mannose-specific lectin, we focused our first efforts to
understand the heterogeneous receptor specificity on the fimH
gene. In this report, we describe three functional classes ofE.
coli type 1 fimbriae and show that highly conserved allelic
variants of the fimH gene are responsible for the functional
heterogeneity.

MATERUILS AND METHODS

Reagents. Yeast Mn, a polymannosylated glycoprotein iso-
lated from Saccharomyces cerevisiae cell walls, was obtained
from a commercial source (Sigma Chemical Co., St. Louis,
Mo.). Mn is composed of an N-linked backbone of j1,2-linked
mannopyranose units with a-linked mannopyranose side
chains (38). The majority of the carbohydrate of human plasma
Fn is composed of N-glycosidic complex-type biantennary
glycans, and no high-mannose-type or hybrid-type N-glycans
have been described (30, 45, 54). Human plasma Fn, Fn
fragments, and FnSpl were purified or synthesized as de-
scribed previously (5, 15, 51, 58). Periodate treatment was
performed as described previously (51). The saccharide con-
tent of the four substrates was characterized by using con-
canavalin A, which reacts with terminal and internal mannosyl
residues, and the Galanthus nivalis agglutinin, which recog-
nizes only terminal Manal-3Man, Manal-6Man, and Manal-
2Man sequences (E. Y. Laboratories, San Mateo, Calif.).
Immobilized Mn and Fn both reacted with concanavalin A,
whereas G. nivalis agglutinin bound only to Mn (data not
shown). These results are consistent with the known structures
of the oligosaccharide moieties of these two compounds.
Neither lectin reacted with immobilized FnSpl. Periodate
treatment (51) of Mn or Fn eliminated lectin reactivity (data
not shown).

Bacterial strains and plasmids. Strain CSH-50 is a Cold
Spring Harbor Laboratory E. coli K-12-derived strain (35) that
has been used in several previous studies in this laboratory. E.
coli AAEC191A, a derivative of E. coli K-12 strain MG1655,
which has had the entire fim gene cluster deleted by allelic
exchange (9), was generously provided by Ian Blomfield (Bow-
man-Gray University, Winston-Salem, N.C.). The 12 CIs were
urine isolates obtained from the clinical microbiology labora-
tories of the Memphis VA Medical Center or the City of
Memphis Hospitals, Memphis, Tenn., selected on the basis of
MS agglutination of yeast cells after growth in broth, a classic
test for type 1 fimbriae. Plasmid pPKL4, a pBR322 derivative
containing the entire fim gene cluster from E. coli K-12 strain
PC31, has been described previously (28). pPKL114 is a
recombinant plasmid derived from pPKL4 but with a transla-
tional stop-linker inserted into the KpnI site in the fimH gene.
No transcriptional effects of the stop-linker are to be expected.

PCR: Oligonucleotide primers were designed from the pub-
lished sequence for the fimH gene in pPKL4 (27) (GenBank
accession number X05672). The 5' primers copied regions 13
and 49 bp upstream from the fimH gene and were extended on
the 5' end by anApaLI restriction site and a GC clamp: primer
1, 5'-GGGGG GTGCAC ACC TAC AGC TGA ACC CGG-
3'; primer 2, 5'-GGGG GTGCAC T CAG GGA ACC ATT
CAG GCA-3'. The 3' primers copied 18 bases of the bottom
strand of the fimH gene that encode the six terminal amino
acids of FimH and were extended by an FspI or SphI site and
a GC clamp: primer 3, 5'-GGG TGCGCA TTA TTG ATA
AAC AAA AGT CAC-3'; primer 4, 5'-GGG GCATGCTTA
TTG ATA AAC AAA AGT CAC-3'. PCR was performed in
a Perkin-Elmer Cetus automatic thermal cycler with denatur-
ation at 96°C for 1 min, primer annealing at 55°C for 1 min,
and primer extension at 72°C for 2 min, for a total of 40 cycles.
Purification, restriction, and ligation of DNA were done by
standard procedures (39, 48). All primers for PCR and for
nucleotide sequencing were produced by the Molecular Re-
sources Center, University of Tennessee, Memphis.

Subcloning. PCR products were inserted into the ApaLI-
SphI region of plasmid pGB2-24, constructed as shown in Fig.
1. We initially chose pACYC177 as a cloning vector for fimH
but had to subclone fimH from pACYC177 because of a high
frequency of appearance of spontaneous Km' in the
AAEC191A host strain. The origin of this problem is not
entirely clear. Plasmid pGB2-24 and its derivatives were com-
patible with the pBR322-based plasmid pPKL1 14 used for
complementation experiments. All recombinant strains tested
thus far by this technique are stable, and all exhibit the same
adhesive phenotype as the parent strains from which the fimH
genes were cloned.

Construction of chimeric fimH genes. Unique restriction
sites (Fig. 2) were used to construct chimeric fimH genes with
the pPKL4fimH gene as the genetic background and exchange
of restriction fragments obtained from the newly described
fimH genes. Various fragments covering the entirety of each
newfimH gene were ligated into appropriate "spaces" created
in the pPKL4 fimH gene in pGB2-24. Each chimera was
analyzed by restriction mapping, and the nucleotide sequences
of bridging segments were determined to ensure proper con-
structions. Plasmids containing chimeric fimH genes were
transformed into AAEC191A(pPKL114) and tested in adhe-
sion assays.

Nucleotide sequencing. The nucleotide sequences of fimH
genes were determined by the dideoxynucleotide chain termi-
nation method of Sanger et al. (49) with Sequenase II (U.S.
Biochemical Corp., Cleveland, Ohio) or the finol Polymerase
Sequencing System (Promega, Madison, Wis.) and [a-35S]
dATP (800 to 1,000 Ci/mmol) according to the manufacturers'
suggestions. The amino acid sequences were deduced from
nucleotide sequences by using MacVector protein and DNA
analysis software (Eastman Chemical Co., New Haven, Conn.).
To ensure fidelity of the PCR amplification, selected fimH
genes were reamplified, cloned, tested for activity, and rese-
quenced.
Yeast cell aggregation assay. E. coli strains were tested for

their ability to aggregate yeast cells. Commercial baker's yeast
(Saccharomyces cerevisiae) was suspended in phosphate-buff-
ered saline (PBS; 5 mg [dry weight]/ml). E. coli strains were
washed in PBS, resuspended to an optical density at 530 nm
(OD530) of 0.4, and mixed with the yeast cell suspension in PBS
with or without 1% D-mannose. Aggregation was monitored
visually, and the titer was recorded as the last dilution giving a
positive aggregation reaction.
Adhesion assays. Adhesion assays were performed as de-
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FIG. 1. Schematic model for the construction of recombinant
plasmid pGB2-24 used for transforming E. coli AAEC191A(pPKL114)
with cloned fimH genes. The PCR product from pPKL4 was cut with
restriction enzymes and ligated into the ApaLI and FspI restriction
sites of plasmid pACYC177 (New England Biolabs, Beverly, Mass.),
creating plasmid pGB2. The insert and upstream region of pACYC177
containing the bla promoter was cut from pGB2 with FspI and BamHI
and subcloned into the polylinker site of pGEM-3Z (Promega, Mad-
ison, Wis.) that had been cut with BamHI and HincII, creating plasmid
pGB2-1. The insert was cut out again with SmaI and HindIII and
subcloned into pACYC184 (New England Biolabs) cut with HincII and
HindIII, creating plasmid pGB2-24, containing the fimH gene from
pPKL4. Cutting the fimH gene from pGB2-24 with ApaLI and SphI
makes it possible to easily insert other amplified fimH genes.

scribed previously (51). Briefly, microtiter assay wells were
coated with receptor molecules, blocked with bovine serum
albumin (BSA)-PBS, washed two times with PBS, and incu-
bated with bacterial suspensions in 0.1% BSA-PBS. After
incubation, wells were washed and adherent bacteria were
detected by using rabbit anti-E. coli serum followed by perox-
idase-conjugated goat anti-rabbit immunoglobulin G (IgG).
Reaction product generated from the 5-aminosalicylic acid
substrate was measured after 10 to 15 min in an automatic
microplate reader (Molecular Devices, Inc., Menlo Park, Ca-
lif.). The values reported are corrected for background reac-
tion with BSA-coated plates as controls.

RESULTS

We reported previously that the type 1 fimbriae of E. coli
CSH-50 and HB101(pPKL4) differ functionally in their pattern
of adhesion to Mn, Fn, periodate-treated Fn, and a synthetic
peptide, FnSpl, immobilized on plastic (51). Since CSH-50 and
HB101(pPKL4) are laboratory strains, we tested 12 CIs of E.
coli from human urine for adhesion to these substrates. All of

FIG. 2. Restriction map offimH genes. Five unique restriction sites
are present in the PC31 fimH gene. Numbers in parentheses following
enzymes are the base pair positions of the cut sites. Some of these sites
are found in the other fimH genes, as marked. Chimeric genes were
produced by exchanging each available restriction fragment from the
other fivefimH genes with corresponding fragments in the PC31 gene,
and recombinant strains expressing the resulting chimeric FimH
subunits were tested for adhesion. Fragments indicated by boxes are
those which conferred MF or MFP adhesive phenotypes on the
chimeric genes (see text).

the CIs agglutinated yeast cells in an MS fashion. Five of the 12
CIs adhered only to Mn. HB1O1(pPKL4) and CI 12 are shown
as examples of this class, tentatively designated the M class, in
Fig. 3A. Three of the 12 CIs adhered to Mn and Fn but not to
periodate-treated Fn or to FnSpl. CIs 4 and 7 are shown as
examples of this class, designated the MF class, in Fig. 3A.
Three of the 12 CIs adhered to each of the substrates. CSH-50
and CI 10 are shown as examples of this class, designated the
MFP class in Fig. 3A. FnSpl inhibits adhesion of MFP class
strains to Mn, but M and MF class adhesion to Mn is
unaffected by the synthetic peptide.
Adhesion of strains representing these three classes to Fn

fragments further illustrated the distinct differences between
the three classes. The M class CI 12 does not adhere to any of
the Fn fragments (Fig. 4). The MF class CI 4 adheres to the
40-kDa gelatin-binding fragment. The MFP class CI 10 ad-
heres, with only slight differences, to all five fragments of Fn
tested. Periodate treatment eliminated binding of CI 4 to
domain 2 but had no effect on the binding of CI 10 to any of the
Fn domains (data not shown).

Since the FimH subunit has been shown to mediate the
mannose-sensitive activity of type 1 fimbriae, we focused our
initial efforts on elucidating the molecular basis for the ob-
served functional heterogeneity on thefimH gene. fimH genes
were amplified from chromosomal (or plasmid, for pPKL4)
DNA, and the genes were cloned into pACYC177 and sub-
cloned into pACYC184 under control of the ,B-lactamase
promoter of pACYC177, as detailed in Materials and Methods
(Fig. 1).
The adhesive phenotypes conferred by thefimH genes were

tested in the following way. E. coli K-12 strain AAEC191A
(Afim) was first transformed with plasmid pPKL114, which
contains an intact fim gene cluster but with a translational
stop-linker inserted into the last gene, fimH. This derivative
produces morphologically normal fimbriae that are nonadhe-
sive because of the absence of the FimH subunit. Plasmids
harboring cloned fimH genes were transformed into E. coli
AAEC191A(pPKL114), and the resultant strains were tested
for their ability to adhere to Mn, Fn, periodate-treated Fn, and
FnSpl (Fig. 3B). Each of the recombinant strains displayed
adhesive phenotypes mimicking those of the parent strains
from which the fimH genes were obtained. fimH genes were
cloned from each of the other eight CIs (data not shown), and
similar results were obtained, with the adhesion of recombi-
nant strains mimicking that exhibited by the parental CIs.

J. BAC-IERIOL.

DO

I



FimH FAMILY OF TYPE 1 FIMBRIAL ADHESINS 751

In

q.

C0%too

M MF MFP

"Wild-type" Strains
M MF MFP

Recombinant Strains
FIG. 3. Adhesion of representative "wild-type" (A) and recombinant (B) M, MF, and MFP class strains to Mn (panels 1), Fn (panels 2),

periodate-treated Fn (panels 3), and FnSpl (panels 4). Strain designations for the wild-type strains are given in panel A5. The strain designations
given in panel B5 (KB31, KB12, KB4, KB7, KB50, and KB10) are for recombinant strains of AAEC191A(pPKL1 14), which is afimH mutant, after
transformation with plasmids that containfimH' from strain HB101(pPKL4), CI 12, CI 4, CI 7, CSH-50, and CI 10, respectively. Open columns,
bacteria incubated without D-mannose; solid columns, bacteria incubated with D-mannose. Values are the means ± standard error of the mean
(n = 4) for each column. ND, not determined.

The complete nucleotide sequences of each of the six
representative fimH genes were determined, and the amino
acid sequences of the FimH proteins were deduced (Fig. 5).
The nucleotide and deduced amino acid sequences of the
pPKLAfimH gene reported previously (27) showed an arginine
at position 176, but the present analysis shows that this residue
is a proline. Otherwise, the sequences are identical. Sequenc-
ing was repeated on several independently amplified and
cloned fimH genes, those from pPKL4, CI 10, and CI 7, to
confirm sequence fidelity and ensure that there were no
PCR-induced errors, and none were found.
The nucleotide and deduced amino acid sequences of the

fimH alleles are >98% conserved, but there is more than one

amino acid residue difference in all but one of the new FimH
sequences compared with the published pPKL4 sequence. To
focus on the sequence differences that resulted in changes in
functional activity, we took advantage of unique restriction
sites (Fig. 2) to construct chimeric fimH genes. Multiple
restriction fragments covering the entirety of each of the
sequenced fimH genes were exchanged with corresponding
fragments in the prototypicalfimH gene of E. coli PC31, which
was amplified from pPKL4, cloned into pACYC184, and used
as the genetic background. Recombinant plasmids containing
the chimeric fimH genes were transformed into E. coli
AAEC191A(pPKL114), and transformants were tested for
adhesive phenotype, allowing determination of the regions of
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1 2 3 4 5 functionally relevant changes. In the case of the MFP class CI10 FimH, MFP adhesive activity is conferred by a downstream
1 2 3 4 5 region of the gene from which 12 bp are deleted. It remains to

be determined how two distinctly different structural changes
result in similar receptor specificities.
The ApaLI-Tthl l11 fragment of the CI 7fimH gene confers

MF class activity in the CI 7/PC31 fimH chimera. Since the
asparagine 16 to threonine substitution in the leader sequence
is not represented in the mature protein, the histidine 33 to
asparagine substitution must be of functional importance for

1 2 3 4 5 the MF class CI 7 FimH. Comparison of the active regions of
the MF class CI 4 and the M class CI 12 FimH subunits
suggests the importance of the glutamic acid 73 to glycine
substitution for MF class activity of the CI 4 FimH. Thus,
histidine 33, arginine 58, glutamic acid 73, and deleted glycine

Cl # 12 Cl #4 Cl #10 116 through isoleucine 119 appear to be key residues in the
- _%0"' V" functional activity of the FimH subunits of CI 7, CSH-50, CI 4,

M MF MFP and CI 10, respectively. A more precise demonstration ofwhich residues are involved and how they affect the ligand-
Clinical Isolates binding cleft(s) remains to be performed.

At first glance, the MS protein-binding activity of type 1
lesion of representative M, MF, and MFP class strains fimbriae is the most surprising of the adhesive phenotypes
1 10, respectively) to Fn fragments. Columns 1 to 5 dsrbdhr.Tepoenbnigatvt fFm i
on to the NH2-terminal 30-kDa domain, the 55-kDa described here. The protein-binding activity of FimH (i.e.,
domain, the 110-kDa cell attachment domain, the 29- PIlE) subunits was noted earlier in a study characterizing
irin-binding domains, and the 20-kDa COOH-terminal mutT-induced mutations in the fimH (pilE) gene (22), but it
-tively (see reference 51). Open columns, adhesion in was not MS. We do not know whether the protein-binding
D-mannose; solid columns, adhesion in the presence of activity that we have described is in addition to or separate
lues are means ± standard error of the mean (n = 4). from the mannose-binding activity, but the concept of bifunc-

tional properties of lectins has been established for several
years (6). While the MFP class type 1 fimbriae appear to react

)able of conferring functional activity (Fig. 2). All somewhat promiscuously with most Fn fragments, the reaction
ice changes that affected function occurred be- does not appear to be nonspecific. For instance, the MFP class
Ds 33 and 119 of the 279-residue mature FimH CSH-50 type 1 fimbriae do not adhere well to gelatin (51), and

a number of synthetic peptides tested did not support adhesion
(5la). Furthermore, adhesion to ovalbumin is sensitive to both

DISCUSSION periodate and glycosidase treatment (51). Further experiments
testing a wider range of peptides will be required to determine

subunit is the D-mannose-sensitive adhesin of the consensus amino acid motif that reacts with this class of
te, adhesive organelles common to the Enterobac- FimH subunit.
s widely accepted that host receptors for type 1 Previous studies suggested that the combining site of the E.
strictly limited to glycoproteins containing termi- coli FimH adhesin is in the form of an extended pocket
residues (16, 37, 40, 41, 43, 47), but this gener- corresponding to the size of a trisaccharide with an associated
)t correct. Allelic variants of E. coli fimH genes hydrophobic region (16). All of the adhesive interactions that
teins differing by as little as a single amino acid we have described are MS, but it remains to be determined
t adhesive phenotypes. Surprisingly, active recep- whether the mannose effect is direct or allosteric. Conforma-
glycoprotein domains where mannosyl residues tional changes that frequently occur in lectins upon binding the
inal and even protein domains devoid of saccha- saccharide ligand (46) could affect a second binding site.

Site-directed mutations are unlikely to shed much light on how
)nal heterogeneity that we describe must be due structural changes actually relate to the ligand-binding cleft(s),
lelic variants of the fimH gene, since this is the and it will ultimately be necessary to determine the three-
in these recombinant strains. All other genes dimensional structure of FimH or FimH fragments crystallized
fimbrial subunit synthesis, transport, and assem- in the presence of ligand to fully understand the structure-
tme in each case. Since the ratios of the various function relationships.
mne products should also be identical, subunit The three adhesive classes identified here may understate
into the fimbrial superstructure should not vary the functional heterogeneity of type 1 fimbriae. The number of
rhese results emphasize that the FimH subunit is CIs and receptor molecules that we have tested to date is small.
leterminant of receptor specificity. Other investi- A larger group of isolates tested against additional receptor
peculated, however, that the FimA subunit may candidates might yield additional functional classes. Prelimi-
ceptor specificity (55). nary studies with MS Enterobacter aerogenes and K pneu-
ing the new FimH sequences with the one pub- moniae strains exhibiting MF class and MFP class activity
isly (27), the only structural alteration that can be suggest that heterogeneous receptor specificities will also be
I to a functional change is the nonconservative found among other type 1-fimbriated enterobacterial species
of arginine at position 58 in the MFP class CSH-50 (51a). It is also possible that certain naturally occurring FimH
t for leucine in the M class PC31 FimH subunit. subunits may confer mannose-resistant adhesive activity. The
f the other FimH sequences had more than one possibility that the MS lectin-like properties of FimH might be
had to construct chimeric genes to focus on eliminated while other adhesive properties of FimH are re-
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-_ - _- _- _- _- _- _- __-_- -

-_ _- _- _- _- _- _- __-_- -

-_ - _- _- _- _- _- _- __-_- -

-_ - _- _- _- _- _- _- __-_- -

-_ _- _- _- _- _- _- __-_- -

143
K A G S L I A V L I L R Q T N N Y N S D D F Q
-_ - _- _- _- _- _- _- _- _- _-

-_ _- _- _- _- _- _- _- _- _-

-_ _- _- _- _- _- _- _- _- _-

-_ _- _- _- _- _- _- _- _- _-

-_ _- _- _- _- _- _- _- _- _-

144
F V W N I Y A N
-_ - _ _ _ __-_-

-_ - _-_-

-_ - _-_-

-_ - _-_-

-_ - _ _ _-_-

166
N D V V V P T G G C D V S A R
-_ - _ _ __-- - - - - CNDVVVPT___DV_AR
-C__

-_ _- _- _- _- _-
-_ _- _- _- _- _-

176
D V T V T L P D Y P
-_ _-

-_ _- -

- - - - - - -

-_ - _- -

-_ - _ _ _ __- _ _ _-

184
G S V P I P L T
- - - - - - -

- - - - - -

- - - - -

- - - - - - -

- - - - - - - -

201
C A K S Q N L G Y Y L S G T H_AK_QNLGYY___TH

.- - - - - - - - - - - - - D
-_ - _- _- _- _- _-

-_ - _ _ __- __- _- _- _ _-

-_ - _- _- _- _- _-

225
A D A G N S I F T N T A S F S P A Q G V G V Q L
-_ _- _- _- _- _- _- __-_- -

-_ _- _- _- _- _- _- __-_- -

-_ _- _- _- _- _- _- __-_- -

-_ - _ _ _ __- __- __- __- __- __- _ ___- __- _-

-_ _ _ _- __- __- _- __- __- _ ___- __- _-

226 266
PC31 T R N G T I I P A N N T V S L G A V G T S A V S L G L T A N Y A R T G G Q V T A G
CI#12 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Cz#4 --------____________

C1#7 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

CI#10 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

CBZ-50

267 279
PC31 N V Q S I I G V T F V Y Q
CIX12 - - - - - - - - - - - - -

CI#4 - - - - - - - - - - - - -

C1#7 - - - - - - - - - - - - -

CI#1O - - - - - - - - - - - - -

CBE-50 - - - - - - - - - - - -

FIG. 5. Amino acid sequences of the FimH subunits deduced from the nucleotide sequences of the fimH genes. The standard one-letter code
was used. Deleted amino acid residues are indicated by A.

tained (e.g., pellicle formation) has been shown previously in a
study characterizing mutT-induced mutations in the fimH
(pilE) gene (22). Tests for type 1 fimbriation should include
additional functional characterization beyond simple sensitiv-
ity to mannose. While all type 1 fimbria-mediated adhesion
that we have described is mannose sensitive, it is not all
mannose or even saccharide specific, as has commonly been
thought. Further studies of type 1 fimbriae as a virulence factor

must be able to distinguish among the various functional
classes.

Allelic variation of the so-called G adhesins of P-fimbriated
uropathogenic E. coli also results in different functional
classes, but the requirement for the Galol-4Gal sequence
within isoreceptors is maintained (52, 53). These differences in
G adhesin receptor specificity appear to be rather subtle
compared with the differences in FimH receptor specificities,

PC31
CIX12
CI*4
CX#7
CT#10
CSN-50

PC31
CX#12
CI#4
CX#7
Cz#10
CIB-50

PC31
CX#12
CZ#4
CX#7
CI#10
CSB-50

1C31
CX#12
CZ*4
CX*7
CT#10
Cau-50

PC31
CX#12
CI#4
CX7
CS#10
C8s_50

185
V Y1C31

CI#12
CI#4
CI#7
Cz#10
C35-50
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yet there is significantly greater sequence homology among the
fimH genes than among the G adhesin genes, some of which
have less than 50% homology. The G adhesin receptor speci-
ficities affect host susceptibility, largely because of host-specific
expression of glycolipid isoreceptor variants. Whether the
FimH family of adhesins bears a similar relationship to host
susceptibility or tissue tropism remains to be determined. The
lectin-independent affinity of P fimbriae for immobilized Fn is
not dependent on the G adhesin but on two other minor
subunits, E and F, neither of which bears significant homology
to FimH (56, 57).
Most E. coli, indeed most members of the Enterobacteri-

aceae, are genetically capable of producing type 1 fimbriae, but
the pathogenic significance of fimbriae so commonly expressed
among enterobacteria occupying distinctly different niches in
the host has often been dismissed. Various reports have either
supported or questioned the importance of type 1 fimbriae, so
the topic remains controversial (1, 8, 19, 25, 26, 31, 33, 34, 42,
50). Nevertheless, the virtual ubiquity of type 1 fimbriae
indicates that these fimbriae must serve an essential purpose.
Precisely how the newly described family of FimH adhesins
may affect our view of the roles that have been suggested for
type 1 fimbriae should be investigated. The degree of func-
tional heterogeneity of type 1 fimbriae reported here was
unknown when the studies cited above were performed. While
a number of basic questions remain to be answered, it should
be clear that structural and functional heterogeneity occurs
within the class of adhesive organelles commonly referred to as
MS or type 1 fimbriae and that the adhesive diversity will lead
to a broader spectrum of receptive surfaces for potential
colonization. The discovery of the FimH family of adhesins
may prove to be an important step toward unravelling the
role(s) that type 1 fimbriae may play in the ability of enter-
obacteria to reach their normal habitat or gain entry into
deeper tissues, where devastating effects can occur.
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